Three decades of research have established the association among obesity, inflammation, and metabolic disease (1) . Many of the associated co-morbidities of overnutrition in obese individuals (including insulin resistance, type 2 diabetes, atherosclerosis, cardiovascular disease, and some cancers) have been attributed to chronic low-grade inflammation, also known as meta-inflammation. More specifically, these obesity-induced diseases have been strongly correlated with an increase in myeloid leukocyte populations (macrophages and neutrophils) (2) .
Obesity-induced alterations of tissue inflammatory macrophages, both in number and in activation state, have been directly associated with tissue dysfunction. Whereas local macrophage proliferation contributes to this accumulation (3), circulating pro-inflammatory Ly6c hi monocyte populations are an important source of tissue macrophages (4) . Ly6c hi monocytes polarize and traffic into adipose tissue, giving rise to CD11c ϩ macrophages, specifically in the visceral white adipose tissue (WAT) 2 of obese individuals (5) . CD11c ϩ adipose tissue macrophages (ATMs) are distinguished by a CD64 ϩ /CD11c ϩ phenotype in murine models and a CD206 ϩ /CD11c ϩ phenotype in humans and are recruited through chemokines and adipocyte signals that promote chemotaxis of monocytes (6 -11) . CD11c ϩ ATMs accumulate disproportionately in visceral WAT and form ring structures known as crown-like structures (CLS) around damaged adipocytes in obese individuals. In contrast, CD11c Ϫ , anti-inflammatory resident macrophages predominate in lean individuals (4) . The presence of CLS is indicative of a pro-inflammatory state, as these macrophages have been found to secrete cytokines such as tumor necrosis factor-␣ and interleukin-1␤ (12) and are thus important contributors to metabolic syndrome, specifically in visceral adipose tissue of males (13) .
Given that the associated cytokines produced by ATMs mimic the inflammation from lipopolysaccharide (LPS) stimulation (14, 15) , the Toll-like receptor 4 (TLR4) pathway has been implicated in obesity-induced inflammation. TLR complexes recognize pathogen-associated molecular patterns and signal via either an MyD88-dependent or -independent pathway (12) . Downstream of TLR4, the MyD88 pathway activates the early phase of NF-B, whereas the MyD88-independent or TRIF pathway activates interferon-regulatory factor (IRF3) and the late phase of NF-B activation (16) . NF-B activation plays a key role in the regulation of both innate and adaptive immunity and consequently has been the target for many anti-inflammatory interventions. The role of TLR4 in the context of diet-induced adipose tissue inflammation and metabolic dysfunction is still unclear. Some investigators have reported a metabolic and inflammatory role for TLR4 (17, 18) , whereas others have reported that TLR4 knockout does not improve metabolic function (19) . The relative contribution of TRIF and MyD88 pathways to TLR4-mediated obesity-induced metabolic impairments and inflammation is unknown.
Whereas it has been shown that in obesity TLR4 deficiency significantly promotes alternative macrophage activation (19) and adipose tissue fibrosis (20) , recent work in our laboratory demonstrated an additional role for TLR4 in the expansion of hematopoietic stem cells (HSCs) in obesity (2) and a role for MyD88 in the generation of myeloid progenitors in obesity. TLR4 activation in differentiated ATMs with fatty acids (17) in a high-fat diet environment is one possible mechanism explaining macrophage polarization, but a second mechanism of fatty acid activation within the hematopoietic progenitor cells probably exists as well.
There is a paucity of information on the possible dual role for TLR4, TRIF, and MyD88 pathways in hematopoietic precursors and in mature tissue macrophages. Therefore, we chose to investigate these pathways together in the context of diet-induced obesity. This is critical to understand, as interventions on these inflammatory pathways probably play a role in both the generation of myeloid cells and the activation profile of macrophages in obesity. Based on the literature and prior studies, we sought to evaluate the hypothesis that TLR4, TRIF, and MyD88 are required for hematopoietic stem and progenitor cell responses and tissue macrophage activation with obesity. Studies were carried out using hematopoietic knockout models and in vivo and in vitro assays of progenitor and macrophage activation to determine the contribution of TLR4, TRIF, and MyD88 pathways to diet-induced inflammation. We demonstrate that these pathways contribute significantly to production of CD11c ϩ ATMs and myelopoiesis during HFD challenge.
Results

Hematopoietic-specific TLR4 knockout animals have reduced meta-inflammation compared with WT animals after HFD challenge
Whereas prior studies have demonstrated that hematopoietic Tlr4 Ϫ/Ϫ mice have improved metabolism (18) , it is unclear whether TLR4 deficiency has a direct impact on myeloid cell induction. Because it has been demonstrated that Tlr4 Ϫ/Ϫ animals have fewer activated CD11c ϩ ATMs with HFD (19), we sought to assess whether the production of CD11c ϩ ATMs depended upon hematopoietic TLR4 expression by generating bone marrow transplant (BMT) chimeras. Young WT and Tlr4 Ϫ/Ϫ animals were irradiated and given BM of the opposite genotype, generating WT3Tlr4 Ϫ/Ϫ and Tlr4 Ϫ/Ϫ 3 WT animals. Control animals included WT3 WT and Tlr4 Ϫ/Ϫ 3 Tlr4 Ϫ/Ϫ . 6 weeks after BMT, animals were started on HFD. After 16 weeks of HFD, WT3 WT animals were heavier, but there were no differences in weight between the reciprocal groups (WT3Tlr4 Ϫ/Ϫ and Tlr4 Ϫ/Ϫ 3 WT) (Fig. 1A) . The same pattern was seen with gonadal white adipose tissue (GWAT) weight (Fig. 1B) , but the percentage of GWAT per whole-body weight was higher in Tlr4 Ϫ/Ϫ 3 WT animals ( Fig. 1C ) compared with Tlr4 Ϫ/Ϫ recipient animals. Subcutaneous inguinal white adipose tissue (IWAT) and liver weights were similar in all groups (Fig. S1 , A-C), whereas spleen weights were slightly higher in WT recipient animals (WT3 WT and Tlr4 Ϫ/Ϫ 3 WT (Fig. S1D) . Although average adipocyte size was not different in the GWAT of both groups, there was a shift toward larger adipocytes in animals with Tlr4 Ϫ/Ϫ marrow (Fig. 1D ). These findings suggest that TLR4 deficiency in either BM or non-BM cells impairs HFD response, as demonstrated by differences in weight gain and adiposity.
To determine the impact of hematopoietic TLR4 on metabolism, animals were assessed throughout the course of HFD. At 
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10 weeks of HFD, there were no differences in fasting glucose or fasting insulin levels (Fig. 2, A and B) , but fasting free fatty acids (FFAs) were higher in WT3Tlr4 Ϫ/Ϫ compared with Tlr4 Ϫ/Ϫ 3 WT animals ( Fig. 2C) . At 12 weeks of HFD, a glucose tolerance test demonstrated that Tlr4 Ϫ/Ϫ 3 WT animals had overall improved glucose tolerance (Fig. 2E) , and after 16 weeks of HFD, even with similar fed glucose levels, insulin levels were lower in Tlr4 Ϫ/Ϫ recipient animals (Fig. 2, D and F) . These results suggest that both hematopoietic Tlr4 Ϫ/Ϫ and wholebody Tlr4 Ϫ/Ϫ contribute to the regulation of fatty acid and insulin levels, whereas glucose tolerance is related to hematopoietic TLR4 deficiency.
Leukocytes were evaluated in blood 2 weeks after BMT, and animals with WT BM had more B220 ϩ cells in circulation, suggesting faster reconstitution (Fig. S2A) . Two weeks after HFD exposure, there was a significant increase in circulating B220, Ly6G, and CD115 ϩ myeloid cells in both WT recipient animals, but Ly6c hi populations were similar (Fig. 3A) . Adipose tissue evaluation at 16 weeks of HFD by flow cytometry (Fig. 3B ) demonstrated equal CD45 ϩ leukocytes and ATMs in GWAT ( To confirm appropriate reconstitution of these mice, hematopoietic progenitors and mature leukocytes were evaluated.
CD3
ϩ and CD4 ϩ cells were decreased in BM of Tlr4 Ϫ/Ϫ 3 WT mice compared with WT3Tlr4 Ϫ/Ϫ (Fig. S2C ). Hematopoietic stem and progenitor cells were generally similar in both groups of reconstituted mice (Fig. S2D ). Myeloid cells, however, were reduced in the spleen (CD11c ϩ and CD115 ϩ ) with an increase in CD19 ϩ cells (Fig. S2E ). In the blood, CD115 ϩ and Ly6c hi monocytes were also reduced, whereas circulating CD4 ϩ cells were increased in mice with TLR4 Ϫ/Ϫ BM (Fig. S2F ). Both circulating and splenic monocyte profiles were consistent with a reduction in myeloid response to HFD in the absence of TLR4.
TLR4
؊/؊ ATMs proliferate more robustly in response to HFD compared with WT ATMs
Based on our findings of decreased recruited CD11c
ϩ ATMs in animals with Tlr4 Ϫ/Ϫ marrow, we anticipated that resident Tlr4 Ϫ/Ϫ ATMs may expand earlier in HFD challenge, reducing the requirement for recruitment of myeloid cells to the adipose tissue. TLR4 activation in nonhematopoietic cells has been shown to inhibit cell proliferation (21, 22) . To understand the initial macrophage response to adipose tissue expansion in TLR4 knockout animals, a short-term diet model was used wherein mice at 10 weeks of age were challenged with HFD until 12 weeks of age. After 2 weeks of HFD, body weights remained consistent with normal diet (ND)-fed animals in both WT and Tlr4 Ϫ/Ϫ groups (Fig. 4A ). GWAT pads expanded in both WT and Tlr4 Ϫ/Ϫ animals ( 
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expanded CD11c Ϫ ATMs (Fig. 4D ). DCs were unchanged in either group. When we assessed proliferation, HFD caused proliferation of both ATM types; however, there was enhanced proliferation in CD11c Ϫ ATMs of Tlr4 Ϫ/Ϫ animals compared with WT CD11c Ϫ ATMs (Fig. 4E ). This increase in ATM proliferation was not seen after chronic HFD feeding in GWAT and IWAT, where a large number of both WT and Tlr4 Ϫ/Ϫ leukocytes were proliferating compared with ND-fed animals (Fig. S3, B and C) . We further challenged 10-week-old Myd88 Ϫ/Ϫ and Trif Ϫ/Ϫ mice to 2 weeks of HFD and found that Myd88 Ϫ/Ϫ mice mimic the results seen with the Tlr4 Ϫ/Ϫ animals (Fig. 4E ). These data demonstrate that TLR4 and MyD88 inhibit the ability of resident ATMs to proliferate with adipose tissue expansion in short-term HFD exposure.
Hematopoietic TRIF and MyD88 pathways contribute to myeloid expansion in obesity
We have previously shown that TLR4 and MyD88 pathways both regulate the generation of obesity-induced inflammation. Although TLR4 pathways were mostly necessary for long-term HSC expansion, MyD88 was mostly required for myeloid progenitor expansion, monocyte production, and hence ATM accumulation in obesity (2) . Two competitive BMTs were designed to further define the role of MyD88, as well as to determine the role of the noncanonical TRIF (Ticam1) pathway in inflammation. First Trif Ϫ/Ϫ (CD45.2) and WT (CD45.1) BM was injected in a 1:1 ratio into irradiated CD45.1/CD45.2 heterozygous mice (Fig. 5A) . These animals were started on HFD at 6 weeks post-BMT for 16 weeks. TRIF was required to expand pre-GMs, blood monocytes, and ATMs of both types, as seen from lower Trif Ϫ/Ϫ BM contribution to these cell types. To further delineate the role of MyD88 pathways, IRAKM, a negative regulator of MyD88 activation, was studied. Irakm Ϫ/Ϫ BM was competed with WT BM (Fig. 5B) . Irakm Ϫ/Ϫ animal BM contributed to a greater number of pre-GMs, blood monocytes, and both types of ATMs, emphasizing a role for MyD88 pathways in generating bone marrow-derived myeloid cells during obesity (Fig. 5B ). This same phenomenon for IRAKM pathways has been shown in LPS treatment of animals (23).
TLR4, TRIF, and MyD88 pathway knockouts respond with increased adiposity and glucose intolerance with HFD
, and Myd88 Ϫ/Ϫ mice were placed on 60% HFD for 16 weeks. Animals in all groups gained weight (Fig. 6A ), visceral fat (Fig. 6B) , and subcutaneous fat (Fig. 6C ) when challenged to HFD. Interestingly, liver mass did not increase in Trif Ϫ/Ϫ and was smaller overall in both Trif Ϫ/Ϫ and Myd88 Ϫ/Ϫ mice with HFD compared with WT (Fig. 6D ). Spleen weights were significantly larger after HFD in WT and Trif Ϫ/Ϫ mice (Fig. 6E) . GWAT demonstrated increased adipocyte hypertrophy in all groups on HFD (Fig. 6F) . Hematoxylin and eosin images of GWAT showed similar adipocyte hypertrophy but an increase in CLS and fibrosis in WT HFDfed mice (Fig. 6G) . Purely based on weight and adiposity, all groups were susceptible to obesity with HFD exposure.
Fasting glucose levels were not significantly different by genotype after 10 weeks on HFD but were lower in Myd88 Ϫ/Ϫ mice on HFD compared with WT (Fig. 7A) . Fasting insulin levels were substantially lower in all genotypes compared with WT (Fig. 7B) . Glucose tolerance tests at 12 weeks on HFD were also unaffected by genotype (Fig. 7, C and D) . Fed glucose levels were higher in mice on HFD, but insulin levels, although elevated in 
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all groups, were lower in Myd88 Ϫ/Ϫ animals (Fig. S4A) . Fed FFAs were increased in WT and Tlr4 Ϫ/Ϫ animals on HFD, whereas HFD-fed Trif Ϫ/Ϫ mice had lower FFAs in circulation (Fig. S4B ) and lower liver TGs and decreased steatosis by histology (Fig. 4, C and D) , consistent with the lack of increased liver weight (Fig. 6D) .
TLR4, TRIF, and MyD88 pathways are required for generation of CD11c
؉ ATMs
To next evaluate the adipose depot-specific inflammatory responses in the knockout models, ATMs were measured in both GWAT and IWAT by flow cytometry. WT, Tlr4 Ϫ/Ϫ , and Myd88 Ϫ/Ϫ animals expanded total leukocytes and ATMs on HFD (Fig. 8, A and B) , but Trif Ϫ/Ϫ animals preferentially increased DCs in IWAT with no change in ATMs or total leukocytes (Fig. 8E) (Fig. 8D ). DCs were not significantly different in HFD-fed animals except for in the IWAT of Tlr4 Ϫ/Ϫ and Trif Ϫ/Ϫ animals, and levels were increased in GWAT of Myd88 Ϫ/Ϫ mice (Fig.  8E ). This pattern of increased CD11c ϩ ATMs in WT mice was supported by the appearance of more CLS in visceral adipose tissue by immunofluorescence in WT HFD-fed mice (Fig. 8F) .
Gene expression analysis was examined in GWAT to confirm lack of Tlr4, Ticam1 (Trif), and Myd88 in the appropriate knockout animals (Fig. 8G) . Evaluation of genes associated with adipose function showed increased Tgfb expression in GWAT with HFD, but no significant differences by genotype. Glut4 and Insr expression levels were also reduced equally between genotypes ( Fig. 8G) , consistent with a decrease in insulin sensitivity.
Mcp1 was increased with HFD in WT, Tlr4
Ϫ/Ϫ , Trif Ϫ/Ϫ , and Myd88 Ϫ/Ϫ animals, although Il1b was highest in WT HFD-fed mice (Fig. 8G) . Genes generally activated in CD11c
Ϫ alternative resident macrophages, such as Arg1 and Tgfb, showed increased expression in all groups. Hematopoietic compartment analysis demonstrated that granulocyte macrophage progenitors were only increased in WT animals on HFD (Fig. 8H) , whereas pre-GMs were increased in all groups except the Myd88 Ϫ/Ϫ HFD animals. Overall, these experiments demonstrate that the TLR4, TRIF, and MyD88 pathways are necessary for CD11c ϩ ATM accumulation and myeloid progenitor expansion with HFD.
TLR4, MyD88, and TRIF are required for hematopoietic responses to saturated fatty acid
We employed in vitro myeloid colony-forming unit (cfu) assays to assess stem cell capacity in the obese knockout mice. Compared with WT HFD-fed controls, TLR4, TRIF, and MyD88 knockouts generated fewer myeloid colonies (Fig. 9A) . To understand the mechanism of this effect, we stimulated BM with fatty acids or LPS ex vivo and then performed myeloid CFU assays. For these assays, we used saturated fatty acids (palmitic and stearic acid, 10 M) and unsaturated fatty acids (linoleic and oleic acid, 10 M). Whereas WT marrow increased cfu generation in response to saturated fatty acids, Tlr4 Ϫ/Ϫ , Trif Ϫ/Ϫ , and Myd88 Ϫ/Ϫ marrow did not respond with a similar increase in cfu (Fig. 9B) . Similar results were seen with LPS treatment. Overall, oleic acid (an unsaturated fatty acid) decreased the saturated fatty acid response (Fig. 9B) .
To determine whether this fatty acid response in myeloid cells was due to stimulation of mature cells or progenitors, we isolated lineage-negative (Lin Ϫ ) cells (immature noncommitted bone marrow cells), followed by treatment of isolated cells with palmitate. Palmitic acid stimulated WT lineage negative marrow (Fig. 9C) , whereas Tlr4 Ϫ/Ϫ lineage-negative BM was resistant to this stimulation and yielded lower colonies compared with WT lineage-negative PA treatment (p ϭ 0.06). animals after short-term high-fat diet. 10-Week-old WT and TLR4 Ϫ/Ϫ animals were challenged to ND or HFD for 2 weeks. At 12 weeks of age, weight (A) and GWAT (B) were assessed. C, immunostaining of GWAT with caveolin (green), Mac 2 (magenta), 4Ј,6-diamidino-2-phenylindole (blue), and Ki67 (red). D, ATM percentage of SVF, CD11c ϩ ATM, and CD11c Ϫ ATM subsets as determined by flow cytometry. E, Ki67 proliferation as determined by intracellular flow cytometry staining in GWAT ATMs (CD11c ϩ and CD11c Ϫ ATMs). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.005; ****, p Ͻ 0.001; ##, p Ͻ 0.01; ###, p Ͻ 0.005 between WT and knockout HFD (n ϭ 4 WT ND, n ϭ 6 Tlr4 Ϫ/Ϫ ND, n ϭ 4 WT HFD, n ϭ 10 Tlr4 Ϫ/Ϫ HFD, n ϭ 4 Trif Ϫ/Ϫ , and n ϭ 5 Myd88 Ϫ/Ϫ HFD). Error bars, S.E. 
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Comparison of WT and Tlr4
Ϫ/Ϫ ND and HFD animals showed a brisk response to PA in ND WT mice that was blunted in HFD WT mice. Tlr4 Ϫ/Ϫ mice on ND or HFD failed to induce colony formation in response to PA in Lin Ϫ cells (Fig. 9D) . Lin Ϫ TRIF and MyD88 knockout mice demonstrated that Myd88 Ϫ , but not Trif, was required for myeloid expansion in response to PA (Fig. 9E) ; however, both pathways yielded lower myeloid colonies compared with WT mice. This was consistent with our prior research (2) that determined that MyD88 pathways are critical for myeloid inflammation in obesity. Gene expression studies in harvested cells treated with PA (Fig. 9F) demonstrated that palmitate stimulation in WT mice, but not Tlr4 
Discussion
Our findings show that there are distinct roles for TLR4, TRIF, and MyD88 in the inflammatory response to obesity.
Prior studies have identified a role for TLR4 and NF-B (24) in obesity-induced inflammation and insulin resistance (25) . Our studies demonstrate that TLR4 reduces local (CD11c Ϫ ) macrophage proliferation in response to adipose tissue expansion, promotes recruitment of CD11c ϩ ATM accumulation, and is also necessary for the generation of bone marrow-derived macrophages in response to saturated fatty acid.
Spontaneous mutants lacking TLR4 function are protected from insulin resistance (26) , but studies have shown mixed effects of TLR4 knockouts in the metabolic response to HFD. Our reciprocal BMTs suggest that this may be because of opposing TLR4 function in bone marrow-derived and nonhematopoietic compartments, such as adipocytes. Whereas animals reconstituted with Tlr4 Ϫ/Ϫ BM had improved metabolism, glucose tolerance in nonirradiated Tlr4 Ϫ/Ϫ mice on HFD showed similar impairment as WT HFD-fed animals (Fig. 7) .
Tlr4
Ϫ/Ϫ mice gained significantly more weight when nonirradiated, suggesting that the protection conferred by hematopoi- animals (n ϭ 3-6). B, BM isolated from WT, Tlr4 Ϫ/Ϫ , Trif Ϫ/Ϫ , and Myd88 Ϫ/Ϫ animals were treated with fatty acid-free BSA or 10 M fatty acid (PA, stearic acid (SA), linoleic acid (LA), oleic acid (OA), or LPS), and then colonies were counted after 7 days (n ϭ 3 LPS and n ϭ 6 -15 for other groups). C, sorted lineage-negative or -positive cfu after BM treated with BSA or PA (n ϭ 9 lineage-positive and n ϭ 18 lineage-negative). D, myeloid colonies from lineage-negative ND and HFD-fed WT and Tlr4 Ϫ/Ϫ animals (n ϭ 6). E, lineage-negative marrow from WT, Trif Ϫ/Ϫ , and Myd88 Ϫ/Ϫ mice treated with BSA or PA (n ϭ 9 -14). F, gene expression from isolated colonies (n ϭ 13). *, p Ͻ 0.05; **, p Ͻ 0.01; ***, p Ͻ 0.005; ****, p Ͻ 0.001 compared with control. #, p Ͻ 0.05; ###, p Ͻ 0.005; ####, p Ͻ 0.001 when knockout groups were compared with WT. Error bars, S.E.
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etic TLR4 deficiency may be overcome by excess adiposity. TLR4 has a known role in adipocytes (27) , especially in shortterm HFD, and in recruitment of inflammatory leukocytes (28) . Once chronic obesity has led to expansion of adipose tissue, there is probably a secondary role for TLR4 in the generation of fibrosis, promoting further adipose tissue dysfunction (20) .
TLR4 and MyD88 have specifically been reported to be critical for ATMs that are "metabolically activated" and play an important role in adipose tissue homeostasis (30) . Our results suggest that MyD88 deficiency protects from meta-inflammation because MyD88 is required for accumulation of activated ATMs and enhanced myelopoiesis. Our results are consistent with previous studies (31, 32) that have implicated MyD88 in its contribution to obesity-induced adipose tissue inflammation (31) , atherosclerosis (31, 33) , and improved glucose sensitivity (34) . Studies have previously demonstrated that MyD88 is necessary for TLR2 and TLR4 saturated fatty acid-induced inflammatory activation of mature macrophages (35) . Additionally, our results demonstrate that MyD88 pathways are also responsible for the HSC responses to saturated fatty acids in obesity.
Whereas MyD88-independent TRIF signaling has been implicated in hematopoiesis (36) and atherosclerosis (37) , there is a paucity of data on the role of TRIF in meta-inflammation. We found that Lin Ϫ Trif Ϫ/Ϫ progenitors produced myeloid colonies in response to palmitate stimulation in vitro. In vivo, however, Trif Ϫ/Ϫ animals had fewer myeloid progenitors and ATMs with HFD challenge when compared with WT animals. It is interesting to note that although these animals gained weight and adiposity, Trif Ϫ/Ϫ mice were protected from hepatic steatosis and triglyceride accumulation during HFD. This finding is contrary to what has been observed in models of nonalcoholic steatohepatitis, where Trif Ϫ/Ϫ animals generally have increased inflammation and fibrosis due to enhanced stellate cell chemokine and cytokine activation of the MyD88 pathway, demonstrating that TRIF is probably important for inhibiting inflammation in the liver (38, 39) . However, inflammation is provoked in those studies through amino acid deficiency as opposed to HFD-induced obesity stimulation. This highlights the importance of source and degree of stimulation when evaluating steatosis and hepatic inflammation (40, 41) . This also emphasizes that there may be a potential different role for TRIF pathways in the adipose tissue protecting HFD-fed Trif Ϫ/Ϫ mice from adipose tissue inflammation and dysfunction, leading to protection from fatty acid release and steatosis.
The role of TLR4 pathways in biasing hematopoietic progenitor expansion (42) toward myelopoiesis (43) with LPS stimulation has been demonstrated in acute settings but remains unresolved in the chronic inflammatory state of obesity. The studies here reveal that TLR4 through TRIF and MyD88 signaling cascades are important for hematopoietic contribution to myeloid cells and macrophage polarization in obesity-induced inflammation. The importance of TLR4 in bone marrow-derived myeloid cells for insulin resistance during obesity has only recently been characterized (2, 44, 45) , but with a limited understanding of its triggers. Our BM studies indicate that saturated fatty acids have a direct role in enhancing myeloid progenitors via stimulation of TLR4, TRIF, and MyD88 pathways.
Whereas this direct effect of fatty acids on hematopoietic progenitors is novel, it is probably one of many factors altered with HFD, given that increased endotoxins (46) and microbiota changes have also been demonstrated to enhance ATM recruitment via TLR4 (47) .
Another limitation of our studies is that the TRIF and MyD88 knockout animal results are possibly confounded by signaling pathways from other TLRs that are activated during an obese state, including TLR2 (48, 49). Also, it is not clear whether this increased TLR4 activation in hematopoietic progenitors through TRIF pathways leads to tolerance or exhaustion in chronic HFD, as has been demonstrated in LPS stimulation (36, 50) . Timing and dose of stimulation are critical in LPS studies (51) and hence may not mimic findings in obesity. Further, whereas we were able to characterize the role of TLR4 via MyD88 for inhibition of local CD11c
Ϫ ATM proliferation and the role of both TRIF and MyD88 for myeloid progenitor expansion, the downstream pathways from this initial signaling are yet to be determined.
Overall, our studies demonstrate that TLR4, TRIF, and MyD88 play critical roles in the profile of ATMs in visceral fat after acute and chronic HFD exposure. In addition, deficiency of any of these pathways reduces myeloid stimulation of bone marrow with saturated fatty acids. These results emphasize that when evaluating obesity-induced inflammation, the tissue-specific macrophage response may only be part of the underlying effect and that there is an additional myeloid progenitor alteration that occurs with obesity.
Experimental procedures
Animal models and treatments
C57Bl/6J (WT), Tlr4
lps-del /JthJ; 007227), and Myd88 Ϫ/Ϫ (B6.129P2 (SJL)-Myd88 tm.1.1Defr/ J; 009088) mice on C57Bl/6J background were purchased from Jackson Laboratories. Trif Ϫ/Ϫ mice were donated from Dr. Gabriel Nunez's laboratory, originally from the Akira laboratory (52) . Irakm Ϫ/Ϫ mice were donated from a colony bred on a B6 background that was established at the University of Michigan (53) . All mice were male and were fed ad libitum either a control ND consisting of 4.5% fat (5001; LabDiet) or an HFD consisting of 60% of calories from fat (Research Diets, Inc., D12492) starting at 6 weeks of age for 16 weeks duration. Glucose tolerance (with 0.7 g/kg) and insulin tolerance (with 1 unit/ kg) testing were performed after 6 h of fasting. Animals were housed in a specific pathogen-free facility with a 12-h light/ 12-h dark cycle and given free access to food and water. Animal protocols were in compliance with the Institute of Laboratory Animal Research Guide for the Care and Use of Laboratory Animals and approved by the University Committee on Use and Care of Animals at the University of Michigan (animal welfare assurance number A3114-01).
Quantitative real-time PCR
RNA extraction was performed with an RNeasy kit (Qiagen) followed by reverse transcription (Applied Biosystems) and real-time PCR analysis using glyceraldehyde-3-phosphate dehydrogenase to normalize (SYBR Green, ABI Prism 7200 Sequence Detection System; Applied Biosystems). Relative TLR4, TRIF, and MyD88 in obesity-induced inflammation expression was assessed by the comparative CT method correcting for amplification efficiency of the primers and performed in duplicate as described previously (2) . PCR primers used are reported in Table 1 .
Adipose tissue stromal vascular fraction (SVF) isolation and flow cytometry
Adipose tissue fractionation and flow cytometry analyses were performed as described previously after Fc blocking of samples (54) . SVF cells were stained with CD64 PE, CD45.2 e450, and CD11c-APC-Cy7 or APC (eBioscience) (55) for ATMs.
Flow cytometry assessment of HSC and myeloid progenitors
Bone marrow from one femur was flushed with PBS and made into single-cell suspension using a syringe and then centrifuged. Thereafter, cell pellets were treated with RBC lysis solution for 5 min. After resuspension in PBS, cells were stained with lineage markers on APC (CD4, CD5, CD8, CD11b, B220 (CD45R), Gr1, Ter119), CD117-APC-Cy7, Sca1-PECy7, CD16/32 PerCP5.5 (eBioscience), CD150-PE, Endoglin-Pacific Blue (Biolegend), CD48 FITC, and gating as described by Pronk et al. (56) and Oguro et al. (57) .
cfu assays
Bone marrow from a femur was flushed with Iscove's modified Dulbecco's medium. This marrow was then treated with fatty acid-free BSA, with fatty acids (palmitic acid, linoleic acid, oleic acid, stearic acid) (10 M, purchased from Sigma) in fatty acid-free BSA, or with 10 g/ml LPS for 1 h at 37 ºC. Cells were then resuspended in MethoCult medium and plated at a density of 10,000 cells/plate/protocol (Stem Cell Technology). After 7 days, colonies were counted. For sorted cfu assays, bone marrow was isolated from animals, and lineage-negative cells were separated using a stem-cell magnet column isolation kit (EasySep TM hematopoietic progenitor cell enrichment kit). After magnetic separation, 1000 cells were used per plate.
Bone marrow transplantation
Bone marrow cells were isolated from donor groups (58) and injected retro-orbitally into lethally irradiated (900 rads) 6-week-old recipient mice (10 million cells/mouse). Animals were treated with antibiotics (polymyxin and neomycin) for 4 weeks after BMT. Following 2 weeks of normal chow diet, they were started on ND or HFD chow. Glucose tolerance testing was performed as described previously (29) . matory CD11c ϩ CD206 ϩ adipose tissue macrophages are associated with insulin resistance in human obesity. Diabetes 59, 1648 -1656 CrossRef Medline 
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